Eleven new baddeleyite U-Pb crystallisation ages and associated whole-rock geochemistry on NE-NNEtrending tholeiitic dykes cutting across the north-eastern corner of the Archaean Kaapvaal Craton, the overlying Transvaal basin and the Bushveld and Phalaborwa igneous complexes collective-ly define a 1875-1835 Ma Black Hills Dyke Swarm (BHDS). Dyke ages do not discriminate between dyke trends or geographic location, but subdivide the BHDS into an older set of four more primitive dykes (MgO = 9.4-6.8 wt.%) and a younger set of seven dykes with more differentiated compositions (MgO = 5.6-4.2 wt.%). Despite being emplaced over a c. 40 Myr period, major element compositions are remarkably consistent with a single inversely modelled bulk fractionating assemblage of 57.5% plagi-oclase, 29.5% augite and 13.0% olivine. This fractionating assemblage requires an additional assimilation of bulk continental crust (at a low rvalue of 0.2) for reversed modelling of parental rare earth elements. Even though this crustal assimilation indicates that primary magmas could potentially have been derived from a spinel-bearing ambient primordial and asthenospheric mantle source, anomalously low Nb and high Pb values for the more primitive older dykes may also have been inherited from a sub-continental lithospheric mantle source. The ages for the BHDS bridge a gap between c. 1889 and 1867 Ma mafic sills and c. 1830 Ma rhyodacitic pyroclasts, interbedded in the top of a ~3 km-thick Sibasa basalt sequence, which combine into a continuous c. 1.89-1.83 Ga igneous province. Similar geochemical signatures are consistent with all sills, volcanic rocks and BHDS feeders collectively belonging to a very voluminous and coherent igneous province, which arguably formed behind active Magondi and Okwa-Kheis arcs, along the western margin of the proto-Kalahari Craton.
Introduction
Large volumes of predominantly mantle-derived mafic magma emplaced during major events are often recognised as Large Igneous Provinces (LIPs), as per Coffin & Eldholm's (1994) original definition for well-constrained Phanerozoic examples and subsequent reviews of ancient examples (Ernst 2014) . Contentious petrogenetic links to mantle plume sources have, however, led to more stringent criteria concerning the durations of such events (e.g., Bryan & Ernst 2008) . This may ultimately lead to a distinction between continental breakup-related LIPs of short durations, recording more intense magma emplacements, and more long-lived (pulsating?), but still relatively voluminous, magmatic events within potentially different petrotectonic settings. If such a distinction can be made, then it naturally becomes important to properly determine the age span of large igneous events, just as it remains important to consider all other evidence that may shed light on the tectonic setting wherein magmas were formed, differentiated and emplaced. Higher resolution geochronology, better palaeomagnetic constraints, and petrogenetic 1 de Kock, Klausen, et al. this volume Wabo, de Kock, Humbert, et al. this volume) , c. 1.93-1.91 Ga (Alebouyeh et al. this volume) and c. 1.88-1.83 Ga (this paper) affecting the Kaapvaal Craton. Though most of these magmatic events represent sub-episodes within two Archaean ("Pongola" and "Ventersdorp") events, the two younger examples arguably represent subepisodes of the same lesser known episode of trans-Kalahari Craton magmatism, which concludes a c. 1.2 billion-year long and nearly continuous stratigraphic record in South Africa, and arguably follows upon the amalgamation of the proto-Kalahari Craton ( Fig. 1(A) ) within a greater Columbia (Nuna) supercontinent.
The late stage, post-Bushveld magmatic event detailed in this paper is relatively unknown amongst Kalahari Craton workers, but studies of magma compositions and compilations of basic field relationships, all contribute towards improved reconstruction of petrotectonic settings.
High-precision geochronology represents our most powerful tool whereby igneous feeders have recently been linked to all major volcanic sequences up through South Africa's remarkably well-preserved Mesoarchaean to Palaeoproterozoic stratigraphy. Building on pioneering papers like Hanson et al. (2004a) and Olsson et al. (2010 Olsson et al. ( , 2011 , this paper is the last in a more recent series of six companion papers that provide detailed accounts of prolonged and possibly episodic records of enhanced magmatism at c. 2.93-2.86 Ga (Gumsley et al. 2013 (Gumsley et al. , 2015 , c. 2.70-2.66 Ga (Gumsley et al. this volume) , c. 2.06 Ga (Wabo, Fig. 9(B) , B. pre-1.8 Ga rocks across both the Zimbabwe and the Kaapvaal Craton, adjoined along the Limpopo Mobile Belt, and C. more details of exposed eastern part of the Kaapvaal Craton, as well as overlying eastern lobes of the Transvaal Supergroup and the Bushveld Complex. In (B), labelled large-scale shear (and fault) zones (SZ) are adopted from Rigby et al. (2011) . Only the major Barberton and Murchison Greenstone Belts (GB) are shown. The Limpopo Mobile Belt is divided into the Northern Marginal Zone (NMZ), the Central Zone (CZ) and the Southern Marginal Zone (SMZ). Mashonaland sill sample BCD5-55 was collected from the south-western corner of the Zimbabwe Craton. In (C), the geology of Kaapvaal's Archaean basement follows Robb et al. (2006; modified from Klausen et al. 2010) . A traced version of Uken and Watkeys' (1997) dyke map is added inside the dashed grey rectangle. Labelled diamonds locate dated dyke samples and are oriented according to the sampled dyke's trend. Different colours relate to a relatively older (yellow) and younger (magenta) sub-swarm, as explained in the text. P identifies one plagioclase-phyric sample.
is indicated by a number of different studies. Apart from the stratigraphical control exerted by volcanic rocks inside the Olifanshoek Supergroup (Moen 2006 ) and the Soutpansberg Group (Barker et al. 2006) , the first post-Bushveld intrusions to be recognised on the proto-Kalahari Craton were the Mashonaland sills, extending across the north-eastern Zimbabwe Craton ( Fig. 1(B) ). These sills were dated on the basis of Rb-Sr isochrons by Compston and McElhinny (1975) and Cahen et al. (1984) to be c. 1.9-1.8 Ga, and later investigated geochemically by Stubbs et al. (1999) . Hanson et al. (2004a) provided the first high-precision U-Pb ages on c. 1.88-1.87 Ga Waterberg-hosted dolerite sills on the Kaapvaal Craton, which were palaeomagnetically and/or geochemically matched to Mashonaland sills and Soutpansberg volcanic rocks. During earlier stages of a dating campaign -initiated in 2007 by the Universities of Lund, KwaZulu-Natal and Moscow -on mafic dyke swarms across the Kaapvaal Craton, Olsson (2012) discovered the first NE-trending c. 1.9 Ga dyke (1844.4 ± 2.6 Ma, BCD1-12 in this paper). This unpublished and preliminary age was used by in a first attempt to discriminate between dyke generations on the basis of geochemical characteristics, and Lubnina et al. (2010) to calculate a palaeopole for the craton at that time period (sample NL28 in their study). These publications suggested that the name Black Hills Dyke Swarm (BHDS) should be given to NE-trending, c. 1.9 Ga, tholeiitic dykes which cut across this part of the craton in great numbers. In the same special volume, Söderlund et al. (2010) dated a pair of Mashonaland sills that were shown to be coeval to Hanson et al.'s (2004a) post-Waterberg sills, and thereby conclusively linked these two cratons at that time. More recently, Geng et al. (2014) constrained a maximum age for more evolved pyroclastic rocks in the uppermost part of the Sibane Formation lavas within the Soutpansberg Group, which will be shown to possibly mark the termination of a c. 1.89-1.83 Ga trans-Kalahari Craton igneous province, initiated by the oldest Mashonaland and Post-Waterberg sills.
Our investigation into the magmatic trans-Kalahari Craton event builds on März's (2011) MSc thesis, is modified from an unpublished chapter of Olsson's (2012) PhD thesis, and focuses on the U-Pb baddeleyite (ZrO 2 ) dating and geochemical characterisation of 11 NE-NNE-trending mafic dykes cutting across the exposed north-eastern corner of the Kaapvaal Craton ( Fig.  1(B, C) ). This paper combines structural, geochronological and geochemical results in order to (1) define the c. 1875-1835 Ma emplacement age span for the BHDS, (2) constrain the petrogenesis and differentiation of its magmas, (3) link the oldest Mashonaland and post-Waterberg sills to the youngest Soutpansberg volcanic rocks within a coherent c. 50 Myr-long trans-Kalahari craton magmatic event, and (4) evaluate the nature of the tectonic regime operating during the emplacement of these dykes.
Geological setting
The Kalahari Craton, into which the BHDS is emplaced, formed around a nucleus of the Palaeo-to early Mesoarchaean Kaapvaal and Zimbabwe Cratons ( Fig. 1(A) ), which are still connected along a WSW-ENE-trending Limpopo Mobile Belt ( Fig. 1(B) ). This craton preserves a remarkably continuous geological record of late Mesoarchaean to early Palaeoproterozoic volcano-sedimentary strata in the central parts of the Kaapvaal block, partly intruded by the c. 2.06 Ga Bushveld Complex, and capped by slightly younger Waterberg-Soutpansberg sediments with interbedded lavas. Evidence from unconformably overlying Phanerozoic Karoo sediments and their capping Jurassic (c. 182 Ma) flood basalts indicates an extended hiatus after the deposition of the Soutpansberg rocks. This may explain why so few Soutpansberg-aged lavas have been recognised and emphasises the importance of studying their preserved feeder intrusions. The Zimbabwe block is not covered by a similarly complete stratigraphy as the Kaapvaal block yet still preserves a rather extensive Mashonaland dolerite sill complex ( Fig. 1(B) ). For further details regarding the geology of the Kalahari Craton, as well as the strata covering primarily the Kaapvaal block we refer to other publications (e.g., Johnson et al. 2006 , and references therein).
The assembly of the proto-Kalahari Craton
The proto-Kalahari Craton was assembled during the course of several tectonic and magmatic events. Fig. 1(A) shows the outline of the proto-Kalahari Craton at c. 1.75 Ga, when the craton consisted of a nucleus of Archaean-Palaeoproterozoic constituents of the Zimbabwe, Kaapvaal and Grunehogna cratons. The western flank includes Proterozoic units produced during prolonged crustal accretion at c. 2.00-1.75 Ga during the Magondi and Okwa-Kheis orogenies (Jacobs et al. 2008 , and references therein). The Kaapvaal and Zimbabwe cratons are joined together along the Limpopo Mobile Belt, which consists of the Northern Marginal, Central and Southern Marginal zones (NMZ, CZ and SMZ, respectively), separated from each other by major shear zones (e.g. Kramers et al. 2006) . It is commonly believed that the SMZ and NMZ represent the deep crustal level equivalents to the Kaapvaal and Zimbabwe granitoid-greenstone terrains respectively, whereas the CZ is structurally and lithologically different from the other two terrains. The Central Zone is polymetamorphic, having experienced a late Archaean (c. 2.69-2.56 Ga) and a Palaeoproterozoic (c. 2.04-2.00 Ga) event (e.g. Kramers et al. 2006; Rigby et al. 2011) . Researchers have debated the significance of these different tectonic, metamorphic and magmatic events, some arguing for an Archaean-only collision between Kaapvaal and Zimbabwe (e.g. Roering et al. 1992; Ranganai et al. 2002) , whereas others point towards the importance of a possible Palaeoproterozoic event at c. 2.0 Ga amalgamating the two cratons (e.g. Holzer et al. 1998; Bleeker 2003; Söderlund et al. 2010) . Rigby et al. (2011) proposed a tectonic model where Limpopo's CZ first collided with a SMZ-Kaapvaal block during the Neoarchaean, after which this composite Kaapvaal-CZ entity docked with a NMZ-Zimbabwe block in the Palaeoproterozoic, completing the proto-Kalahari formation. Following Bleeker's (2004) methodology of comparing magmatic "barcodes", Söderlund et al. (2010) found that mafic events on the Zimbabwe and Kaapvaal cratons support such a post-2.0 Ga amalgamation between these two crustal blocks. This concept is investigated further by Alebouyeh et al. (this volume) .
The Funduzi and Wyllie's Poort Formation contain minor basalts and pyroclastic rocks intercalated with these sedimentary rocks. The Soutpansberg stratigraphy also consists of two distinctive formations of basaltic lava flows, namely the lowermost 3-km-thick Sibasa and the uppermost 400-m-thick Musekwa formations (Barker et al. 2006) . Lower Soutpansberg strata unconformably overlie the 2021 ± 5 Ma Entabeni Granite (Dorland et al. 2006 ) and the Sibasa Formation itself was loosely constrained by a Rb-Sr whole-rock age of 1769 ± 34 Ma (Barton 1979) probably reflecting the timing of alteration of these basalts (Barker et al. 2006) . The 1879-1872 Ma post-Waterberg dolerite sills have previously been interpreted as feeders to the basaltic flows of the Sibasa Formation (Hanson et al. 2004a ) and ENE-trending dykes cutting the Blouberg Formation and Waterberg strata reported by Bumby et al. (2001) may also have fed the thick basaltic lavas. Importantly the Wyllie's Poort Formation carries detrital zircons of c. 1.85 Ga age (Dorland 2004 ) defining a maximum age for the deposition of the upper Soutpansberg stratigraphy. This age is consistent with two c. 1.83 Ga U-Pb zircon ages for lenticular pyroclastic units, inter-bedded with basaltic lavas and clastic sediments in the uppermost part of the formation (Geng et al. 2014) , providing the currently most precise termination age for Sibasa volcanism.
The tectonic setting of the Soutpansberg Basin has been discussed by several workers. A model involving an aulacogen extending inwards from the eastern corner of the craton was presented by Jansen (1975) , but this was discarded by Barker (1976) who pointed out the non-supportive palaeocurrent directions and invoked a rifted or "yoked" basin as a more realistic setting. Meinster (1977) and Cheney et al. (1990) both proposed that the Soutpansberg sediments are the structural-erosional remnants of a much larger basin, at odds with a rift-related environment operating at that time. This idea is supported by Watkeys (1984) , who observed rocks of Soutpansberg origin within the Tuli trough in the Limpopo Mobile Belt. Combining the two different models, Barker et al. (2006) proposed that the lowermost units of the basin (sub-Wyllie's Poort Formation) were produced within a syn-rift environment, whereas the rest of the stratigraphy was deposited in a broader post-rift related basin. Furthermore, Bumby et al. (2002) suggested that the Soutpansberg strata were laid down in a half-graben following the orogenic collapse of the Limpopo Mountains.
Dolerite intrusions across the Zimbabwe and Kaapvaal Cratons
Several cross cutting dyke swarms are particularly well exposed within Zimbabwe's granitoid basement, including the prominent N-trending 2.575 Ga Great Dyke of Zimbabwe and its satellite intrusions, WNW-NNW-trending c. 2.51-2.41 Ga Sebanga dykes, and possibly other undated pre-to syn-Bushveld swarms (Stubbs 2000; Söderlund et al. 2010) . It is only the c. 1.87 Ga Mashonaland sills and younger Umkondo and Karoo intrusions (Stubbs et al. 1999) , that correlate to coeval intrusions across the Kaapvaal Craton, leading Söderlund et al. (2010) to favour the c. 2 Ga amalgamation of these two cratons during the formation of the Limpopo Belt's CZ (Fig. 1(A, B) ).
There are also several different dyke swarms across the exposed northern to eastern parts of the Kaapvaal Craton ( Fig. 1(B, C) ). In chronological order, the oldest of these is a SE-trending and c. 2.9 Ga feeder swarm to Pongola Supergroup lavas Gumsley et al. 2013 Gumsley et al. , 2015 that cuts across the exposed south-eastern part of the Kaapvaal Craton. A felsic lavas that probably are c. 2.2-2.0 Ga, followed by deformation and metamorphism along the Magondi Belt at c. 2.00-1.97 Ga (e.g., Master et al. 2010) . The Magondi Belt has been correlated with 2055-2057 Ma orthogneisses and meta-rhyolites of the Okwa Basement farther to the south-west (Ramokate et al. 2000; Mapeo et al. 2006) .
The Kheis Province with its north-south structural fabric (Stowe 1986 ) crops out on the western flank of the Kaapvaal Craton ( Fig. 1(A) ) and is composed of metavolcanic rocks, quartzites and reworked crustal basement (Moen 1999 ) with unconstrained depositional and metamorphic ages. It has been interpreted as a thin-skinned thrust belt (Stowe 1986) . Despite the lack of robust geochronology, rocks of Kheisian origin have nonetheless been correlated with a continuous Magondi Belt (Hartnady et al. 1985; Master 1994; Jacobs et al. 2008) . However, the Kheisian tectonic fabric is younger than the Magondi Belt, as U-Pb SHRIMP dating of a deformed rhyolite within the Kheis supracrustal succession and the intrusive Kalkwerf Gneiss yields ages of c. 1.3 Ga (Moen & Armstrong 2008) , leading these authors to argue that there is no evidence for a c. 1.8 Ga orogeny in the Kheis Province, and that it instead forms part of the Mesoproterozoic Namaqua Province. To the west of the Kheis Province lies the Rehoboth Province ( Fig. 1(A) 
The Waterberg and Soutpansberg Groups
The predominately sedimentary Waterberg Group was deposited across a larger area of northern Kaapvaal, whereas rocks of the Soutpansberg Group are restricted to the Soutpansberg Basin within the SMZ of the Limpopo Mobile Belt (Fig. 1(A,  B) ). The main Waterberg Basin is bounded by the Melinda fault zone and the Thabazimbi-Murchison lineament along its northern and southern borders, respectively, whereas the subsidiary Middelburg Basin overlies the Bushveld Complex (Barker et al. 2006 ). There has been considerable debate regarding the age relationships between the Waterberg and the Soutpansberg basins, but detailed mapping in the Blouberg area by Bumby et al. (2002) shows that the Mogalakwena Formation of Waterberg age is unconformably overlain by the Wyllie's Poort Formation of Soutpansberg origin. The age of the Waterberg Group is bracketed by U-Pb SHRIMP zircon ages of 2058-2043 Ma on quartz porphyry lavas near its base (Dorland et al. 2006 ) and 1879-1872 Ma U-Pb TIMS baddeleyite ages on dolerite sills (Hanson et al. 2004a) . Hence sedimentation in the Waterberg basin (c. 2058 to >1879 Ma) was partly coeval with Bushveld magmatism and compression/transpression within the Limpopo Belt, and the subsidence of the Middelburg Basin can be inferred to be controlled to a large degree by thermal subsidence coupled with the cooling of the giant Bushveld intrusion (Barker et al. 2006) .
The Soutpansberg stratigraphy consists of quartzites, conglomerates, greywackes and shales divided into four formations (Tshifhefhe, Funduzi, Wyllie's Poort and Nzhelele Formations).
Murchison Greenstone Belt (e.g. Brandl et al. 2006) , various granitoid plutons of Meso-to Neoarchaean age and the 2060 Ma alkaline Phalaborwa Complex (Reischmann 1995) . lat. 24.40592 S) was sampled along road R527, approximately 17 km south-west of the town Hoedspruit where it intrudes rocks of the Makhutswi Gneiss, dated at 3228 ± 12 Ma and 3063 ± 12 Ma (Poujol et al. 1996; Poujol & Robb 1999) . Sample BCD1-12 was characterised in terms of its geochemistry and petrology by and together with seven other sites was used to calculate a palaeopole for the Black Hills swarm by Lubnina et al. (2010) . It is difficult to trace this dyke from Google Earth TM or find its contacts with the surrounding country rocks, and Lubnina et al. (2010) therefore noted the unit as a possible sill. However, the sample location coincides with a mapped 057°-trending dyke on a geological map and we tentatively use this orientation. Analyses of four multi-grain fractions, each consisting of between 3 and 11 baddeleyite grains, together with one single-grain fraction, give a spread of linearly discordant data (1.7-8.8%). Regression of all five data points yields an upper intercept of 1850.1 ± 6.8 Ma, interpreted as the emplacement age of the dyke, and a lower intercept at 160 ± 150 Ma. Mean Square of Weighted Deviates (MSWD) = 1.7 ( Fig. 2(A) ).
BCD1 -18 (long. 30.47125 E; lat. 24.27669 S) was collected from a 047°-trending dyke (traced from Google Earth TM ) at a road-cut in the northern edge of the town Makgaung, where it intrudes the 3091 ± 5 Ma Harmony Granite (Poujol & Robb 1999 Fig. 2(B) ). An unconstrained regression through the three clustered fractions generates a poorly constrained age of 1853 ± 32 Ma with a lower intercept at 318 ± 2000 Ma (MSWD = 0.25). Using a forced lower intercept through 0 ± 200 Ma yields an upper intercept age of 1848.6 ± 2.9 Ma (MSWD = 0.16), which is interpreted as the crystallisation age. lat. 24.34537 S) comes from a cut along the same road as BCD1-18 but ~12.5 km to the south-east, where the Harmony Granite and a coinciding 012°-trending dyke is easily traced from Google Earth TM . Analysed U-Pb fractions comprise between 2 and 4 baddeleyite crystals each. Regression of three normally discordant analyses (A, B, D; 1.2-2.2%) and one reversely discordant fraction (C; -3.0%) yields an upper intercept of 1870.1 ± 4.4 Ma, with a negative lower intercept at -193 ± 570 Ma (MSWD = 0.27). An anchored lower intercept at 0 (± 200) Ma gives a nearly identical upper intercept age of 1870.7 ± 4.4 Ma with a MSWD value of 0.35 ( Fig. 2(C) ), interpreted as the emplacement age.
BCD5 -25/29 (long. 30.65823/30.71606 E; lat. 23.77793/23.65198 S) was collected from the largest and most prominent dyke of the swarm that can be followed for nearly 25 km along strike. The dyke is slightly irregular but generally follows an average 028°-trend. It cuts across the Mesoarchaean Groot-Letaba Gneiss and the Murchison Greenstone Belt (e.g. Robb et al. 2006) . The dyke was sampled at two localities, BCD5-25 in the southern end and BCD5-29 in its northern end. Three fractions comprising 2 to 4 crystals each of the combined BCD5-25/29 samples analysed at JSGL are nearly concordant (0.3-1.7% discordance), while one fraction (containing 6 crystals) analysed at LIG is 3.2% discordant (Table 1, Fig. 2(D) ). A free regression through swarm of c. 2.7 Ga feeder dykes to lava formations within the Ventersdorp Supergroup and the Transvaal Supergroup's basal ("protobasinal"; Eriksson et al. 2001 ) lavas appear to be radiating from a centre that is currently located beneath the eastern lobe of the Bushveld Complex (Olsson et al. 2011) . These dykes are recognised by Gumsley et al. (this volume) to be part of at least three successive magmatic events during a c. 40-Myr-long period, between c. 2.70 and 2.66 Ga. After the emplacement of the 2.06 Ga Bushveld Complex (so far uncorrelated to any significant feeder dyke swarm), there was the emplacement of the c. 1.93 Ga Tsineng dyke swarm (Alebouyeh et al. this volume) , closely followed by the NE-trending BHDS, which cuts the predominately sedimentary 2660-2060 Ma Transvaal Basin , the 2058-2054 Ma Rustenburg layered sequence of the Bushveld Complex (Scoates & Friedman 2008; Olsson et al. 2010 ) and the 2060 Ma Phalaborwa Complex (Reischmann 1995 Heaman & LeCheminant 1993) .
After the emplacement of the BHDS, (1) smaller dyke swarms related to various c. 1.43-1.14 Ga alkaline centres were emplaced across the central parts of the Kaapvaal Craton (Verwoerd 2006) , (2) even younger generations of c. 1.1 Ga Umkondo intrusions (Hanson et al. 2004b ) may radiate as several sub-swarms from igneous centres along the margins of the Kalahari Craton (de Kock et al. 2014) , and (3) an extensive array of c. 0.18 Ga Karoo dyke swarms and sill complexes (Jourdan et al. 2006; Svensen et al. 2012) were emplaced during the breakup of the southern part of the Gondwana supercontinent.
Dolerite dyke targets and U-Pb TIMS age results
Dolerite dykes were targeted from geological and geophysical maps, coupled with satellite images from Google Earth ™ . Sample locations are given in longitude (long.) and latitude (lat.) next to each sample description, below, as well as plotted in Fig.  1 (C). Uranium-lead (U-Pb) isotope data are provided in Table  1 (Appendix B) .
Samples for geochronology were prepared by careful crushing and differential flotation of baddelyite crystals on a Wilfey Table, following the protocol by Söderlund and Johansson (2002) . A majority of the extracted baddelyite crystals were small (30-60 μm in their longest dimension). Transparent and blade-like baddeleyite crystals (or fragments thereof) without any visible rims of polycrystalline zircon were preferentially picked for U-Pb dating. Analyses were performed at the Laboratory of Isotope Geology (LIG) at the Museum of Natural History in Stockholm (Sweden) and at the Jack Satterly Geochronology Laboratory (JSGL) at the University of Toronto in Canada, as specified in Table 1 . The reader is referred to Appendix A for detailed description of analytical methods used at these laboratories. A concordia diagram for each of eleven dated samples is displayed in Fig. 2 , with error ellipses reported at a 95% confidence level. Decay constant errors for 238 U and 235 U are ignored in their calculated age uncertainties.
Dykes in the north-eastern Kaapvaal Craton
The following eight dykes are all found in the north-eastern Kaapvaal Craton ( Fig. 1(C) ), where they cut Palaeo-and Mesoarchaean gneisses (e.g. Robb et al. 2006) , the c. 2.9 Ga more north-easterly trending c. 2.7 Ga dykes, and thereby exposing only a more prominent northerly trending younger BHDS. As already indicated by NE-trending Black Hills dykes presented above, however, this does not seem to be the case and these observations will be addressed in more detail below. 24.90711 S) was collected in the vicinity of Pilgrim's Rest, where a 020°-trending dyke intrudes the Transvaal Supergroup's Malmani Dolomite Formation. Baddeleyite recovery from sample BCD5-85 was very low. One single-grain analysis (fraction A) is nearly concordant (0.3% discordant), while fraction B containing 3 grains is moderately discordant (1.5%). Both fractions have similar 207 Pb/ 206 Pb ages, at 1855.4 and 1857.5 Ma (Table 1, Fig. 2 
(I)).
A simple linear regression of the two data points yields an upper intercept of 1858 ± 14 Ma, with an imprecise lower intercept at 277 ± 2700 Ma. A similar, but more precise, estimate of the timing of dyke crystallisation is provided by the weighted average 207 Pb/ 206 Pb age, at 1857 ± 8.9 Ma (probability of fit = 0.85 and MSWD = 0.04).
BCD6 -05 (long. 30.48782 E; lat. 25.99445 S) was sampled from a 004°-trending dolerite dyke >200 km to the south of the main Black Hills swarm, within an area dominated by 2.95 Ga and 2.70 Ga dyke generations (Olsson et al. , 2011 . This dyke intrudes both the Archaean granitoid-greenstone terrain and overlying Transvaal Supergroup cover rocks. Analyses for five fractions (containing 1 to 3 baddeleyite grains each) have a relatively high proportion of common Pb and large associated errors, though the data fall near Concordia (Table 1 BCD8-12 was collected from a drill core provided by NKWE Platinum, where a 017°-trending dyke has intruded Critical Zone rocks of the Bushveld Complex. Four fractions were analysed, comprising between 2 and 5 baddeleyite grains each. Data cluster on or near Concordia (Table 1, Fig. 2(K) ). Free regression of two reversely discordant fractions (-1.8 and -1.9%) and two slightly discordant fractions (0.6% and 1.1%), produces an upper intercept age of 1841.9 ± 3.5 Ma with a negative lower intercept at -1111 ± 1800 Ma. If the lower intercept is forced through the origin, the upper intercept for this regression is 1844.4 ± 2.6 Ma, with an MSWD value of 1.7, which is regarded as the best estimate of dyke emplacement.
Ages related to dyke distributions and trends
Some of the dykes record lower intercept ages that are suspiciously similar to the emplacement age of the c. 180 Ma Karoo LIP (Jourdan et al. 2005 ) -a widespread magmatic event across this part of the Kaapvaal Craton (Cox 1988 ) -whereas others produce unrealistically negative lower intercepts when free regressions are conducted. Lubnina et al. (2010) also recorded a thermochemical overprint in their palaeomagnetic dyke results that could be related to this Karoo LIP event. No detailed petrography was performed on the sampled dolerites, but the baddeleyite morphologies revealed rims of suspected polycrystalline zircon which could form during such a thermal event when silica-rich fluids percolate through the crust (Davidson & van Breemen 1988) . Therefore, we choose to force some all four analyses gives an upper intercept of 1859.1 ± 3.1 Ma with a negative lower intercept of -373 ± 520 Ma (MSWD = 0.61). Forcing the lower intercept through 0 ± 200 Ma yields an upper intercept age of 1860.9 ± 2.7 Ma, with an MSWD value of 1.2. This emplacement age is within error of the 207 Pb/ 206 Pb age of the least discordant JSGL fraction C (1858.8 ± 4.1 Ma). lat. 23.65573 S) was collected from a ridge outcrop ~1.5 km to the east of BCD5-25/29 within the Groot-Letaba Gneiss. The locally measured 054°-trend is somewhat speculative however, since it is difficult to trace from Google Earth TM . Four fractions, comprising 4 to 6 baddeleyite crystals each, plot moderately discordant (3.7-8.2%) that collectively define a chord yielding an upper intercept of 1862.3 ± 6.5 Ma (Table 1, Fig. 2(E) ), and a lower intercept at 200 ± 160 Ma (MSWD = 0.62). The upper intercept age is regarded as the crystallisation age of the mafic dyke. BCD5-78 (long. 30.83629 E; lat. 24.20702 S) was taken from a road-cut approximately 30 km south-west of Phalaborwa where a somewhat discernible 046°-trending dyke intrudes both the Makhutswi Gneiss and the Harmony Granite. Analyses of four fractions of baddeleyite, consisting of between 2 and 10 grains each, are slightly discordant (1.6-3.8%), but have 207 Pb/ 206 Pb dates in a narrow range between 1845.7 and 1848.6 Ma (Table 1, Fig.  2(F) ). Free regression of all four fractions yields an upper intercept of 1846.7 ± 8.1 Ma with a poorly constrained lower intercept at -61 ± 410 Ma. Anchoring the lower intercept at 0 ± 200 Ma yields an upper intercept of 1847.9 ± 4.5 Ma (MSWD = 0.57), regarded as the best age estimate of emplacement BCD8-13 and -14 are both Foskor drill core samples from north-east-trending dykes intruding the c. 2060 Ma Phalaborwa Complex (Reischmann 1995; Heaman & LeCheminant 1993 ). BCD8-13 was taken from a well mapped 053°-trending dyke in the northern margin of the southernmost pit. An unforced linear regression through all six variably discordant analyses (0.6-4.1%) gives an upper intercept age of 1839.4 ± 4.1 Ma (lower intercept age at 480 ± 260 Ma) with an MSWD value of 2.2 (Table 1, Fig. 2(G) ). The relatively higher MSWD value reflects the slight scattering of fraction A, which may be analytical or due to a more complex secondary Pb-loss history. Exclusion of fraction A from the age regression results in an improved fit (MSWD = 0.12), but an identical upper intercept age of 1838.7 ± 3.9 Ma. The 1839.4 ± 4.1 Ma age is favoured as the crystallisation age of the dyke.
Sample BCD8-14 was collected from another well mapped 047°-trending dyke in the southern part of the Palabora mine pit. Four discordant fractions (1.6-3.9%), comprising 2 to 5 baddeleyite grains each, fall along a chord defining an upper intercept emplacement of 1851.8 ± 4.9 Ma and a lower intercept at 340 ± 170 Ma (MSWD = 1.3, Fig. 2(H) ).
More northerly trending dykes farther to the south
Whereas the Archaean terrain to the north-east is dominated by a conjugate set of both NE-and NNE-trending dykes (apparent on geological maps and Google Earth TM , as well as in Fig. 1(C) ), the Transvaal Basin appears to be cut almost exclusively by NNE-N-trending dykes. Thus, there appears to be a progressive, possibly "dog-legged" (Uken & Watkeys 1997) , shift from NEtrends to NNE-and N-trends towards the south and west from the Archaean terrain ( Fig. 1(B) ). tentatively attributed this to an artefact of the Transvaal cover filtering out
The age data presented here indicate a long-lived magmatic event. The age range of the 11 dated Black Hills dykes, from the oldest BCD1-21 (1870.7 ± 4.4 Ma) to the youngest BCD8-13 (1839.4 ± 4.1 Ma) samples, document a magmatic event that lastof the age regressions through a lower intercept of 0 ± 200 Ma to encompass both present-day lead loss and isotopic disturbance that may have been triggered by hydrothermal activity during the Karoo LIP event. A simple histogram on the side of Figure 3 (A) clearly separates the statistically small set of trend estimates for the BHDS into a more NE-and more NNE-trending sub-swarm. This bimodal distribution resembles the previously mentioned observation in Google Earth TM of a similar conjugate dyke swarm pattern across the north-eastern corner of the exposed Archaean basement of the Kaapvaal Craton. The fact that as many as six of the dated dykes trend NE, invalidates past presumptions that NE-trending c. 2.70-2.66 Ga dykes (Olsson et al. 2011; Gumsley et al. this volume) are distinguishable from a more NNE-trending c. 1.87-1.84 Ga BHDS purely on the basis of different trends. Amongst our 11 dated dykes, we note that the NNE-trending BCD1-21 in the area south of the Murchison Greenstone Belt (Fig. 1(B, C) ) is 30-18 Myrs older than nearby NE-trending dykes (BCD1-12, BCD1-18, . An interpretation where early NE-trending dykes were superseded by younger NNE-trending dykes is, however, not favoured by both a coeval NNE-trending BCD5-25/29 and a NE-trending BCD5-28 to the north of the Murchison Greenstone Belt, even if this comparison suffers from a less well-constrained age of BCD5-28 (± 6.5 Ma), as well as from its uncertain trend. The NNE-trending dyke BCD5-85 in the Transvaal basin, as well as the more N-trending BCD6-05 far to the south, both exhibit large age uncertainties preventing temporal discrimination. Sample BCD8-12 does show that NNE-trending dykes across the Bushveld Complex are at least partly coeval with NE-trending dykes in the Archaean terrain. Thus, it might be that the BHDS is overall more randomly trending when cutting across the north-eastern part of the Kaapvaal Craton, partly following a pre-existing more NE-trending c. 2.7 Ga swarm (as Uken & Watkeys 1997 suggested for their Karoo dykes) and becomes more consistently NNE-trending when cutting through overlying cover rocks.
Geochemistry of the BHDS
As described more explicitly in Appendix A, geochemical compositions of each of the 11 dated dykes were determined on representative, fresh and clean bulk rock samples, processed and analysed for major and trace elements at two different laboratories. Bulk rock geochemical data on all 11 dated dykes, and one Mashonaland dolerite sill dated by Söderlund et al. (2010) are provided in Table 2 (Appendix C).
MgO versus age
MgO content of dykes may be used as an index of differentiation due to fractional crystallisation within basaltic magmas, and thereby discriminated between dykes of more or less evolved composition. The ages of the dykes in this study plotted against their MgO concentrations (Fig. 3(B) ) reveal a rough correlation between the statistically recognised older sub-swarm of four more "primitive" dykes (MgO = 9.4-6.8 wt%; BCD5-25/29, BCD1-21, BCD5-28 and BCD5-85) and a younger sub-swarm of seven more "evolved" dykes (MgO = 5.6-4.2 wt%; BCD1-12, BCD1-18, . Even if an increased degree of differentiation is expected with time, it is unlikely that these samples were petrogenetically related because of the overall long duration with statistical age-peaks for the two sub-swarms separated by >10 Myrs. Alternatively, earlier dykes may have been fed more directly from their source ed at least 30 Myrs (nearly 40 Myrs between 1875 and 1835 Ma, when upper and lower U-Pb age-errors are considered). A probability frequency distribution analysis on this statistically small data-set of only 11 ages reveals a weak bimodal clustering, with peaks at approximately late 1840 Ma and early 1860 Ma (top of Fig. 3) , which could indicate that we are dealing with two subswarms within the BHDS. BCD8-14 and its neighbouring, yet ~20 Myr younger, BCD8-13 dyke in the Phalaborwa Complex provide the best example of extended gaps between dyke emplacements within any given part of the BHDS.
The cumulative along-strike distribution of the BHDS ranges from at least the Limpopo Mobile Belt in the north to the Barberton Greenstone Belt in the south -a distance of ~300 kmwhereas the most westerly sampled BCD8-12 dyke and the most easterly sampled Phalaborwa dykes (BCD8-13 and -14) indicate that the swarm has a minimum width of ~75 km. As indicated by roughly coeval sills and lavas across much of the proto-Kalahari Craton, the swarm is probably more extensive than that. exhibited by all but one plagioclase-phyric sample (BCD1-12) in the current study. The fact that this plagioclase-phyric sample, together with the plagioclase-phyric sill (BCD5-55), lie to the "alkali" side of the trend, suggests that most of the deviations from this trend are caused by plagioclase accumulation. For the remaining aphyric samples, similar iron-enrichment trends across AFM-diagrams are typical for tholeiitic basalts derived from a common parental magma through fractional crystallisation. Even if the large age differences argue against all magmas being direct differentiates from each other, the well-defined major element trend on the AFM diagram indicates that several magmatic episodes could have generated roughly similar parental magmas, which subsequently evolved in more or less the same fashion.
Variations due to fractional crystallisation
In order to test the samples' apparent relationships further, a graphical method is applied to apparent linear trends within four variation diagrams displaying MgO, CaO, Al 2 O 3 and FeO (Fig.  5(A-D) ), in order to constrain fractionating assemblages with up to three different minerals (Ragland 1989) . Realistic phase triangles are defined from plausible olivine, clinopyroxene and plagioclase compositions provided by GEOROC microprobe data from a number of Phanerozoic continental flood basalt whereas magmas differentiated longer in established crustal magma chambers during the latter intrusive phase. Regardless, further geochemical interpretations can now be addressed within this new context of an older "primitive" versus a younger "evolved" sub-swarm within the BHDS.
Classification
All eleven dated BHDS samples are typical sub-alkaline tholeiitic basalts (Fig. 4) . Pristine igneous weathering index values, calculated according to Ohta and Arai (2007) , are not shown but verify that alkalis have not been remobilised by weathering or other alteration processes. Thus, any differentiation trend expressed by increasing alkalis is related to fractional crystallisation and/or assimilation, even if these rise against constant to slightly decreasing SiO 2 (Fig. 4(A) ), typical for early differentiation within tholeiitic basaltic suites (Fig. 4(B) ), before FeTi-oxide fractionation sets in. This pristine chemical signature is supported by a generally fresh appearance in the field and hand specimens, as well as thin sections of other NE-trending dykes from the area (Mkhize 2008; . Though NE-trending dykes across the Kaapvaal Craton (potentially including c. 2.7 Ga dykes) display significant scatter when all published data are compared (Fig. 4(B) Fig. 3 . Summary of obtained age data (Table 1 ) of the BHDS with errors reported at the 95% confidence level, plotted against A. sampled dykes' trends and B. MgO (Table 2) . Data symbols are coloured according to two age sub-groups of older (yellow) and younger (magenta) dykes (including one pink symbol indicating a plagioclase-phyric young dyke/sill).
replicated through AFC-modelling of the most parental old dyke (see solid thick line in Fig. 7(A) ), after 77% fractionation in addition to the assimilation of a bulk continental crust (Taylor & McLennan 1995) at an r-value of 0.2 (i.e., a relatively low ratio between the mass assimilation rate to the fractional crystallisation rate; Keskin 2013). The only problem with these two REE-models is that both generate patterns with distinctly more negative Eu-anomalies, where the uniquely steepest REE-pattern by the plagioclase-phyric dyke sample BCD1-12 also exhibits a slightly negative, rather than an expected positive Eu-anomaly.
As an alternative to the AFC-model in Fig. 7(A) , the different REE-patterns for the two subgroups can also have been inherited from primary melts generated through different degrees of partial melting of the same mantle source, where more LREE-enriched (steeper) patterns for the younger subgroup resulted from lower degrees of partial melting. This cannot be the only explanation, however, since other incompatible elements behave oppositely (e.g., the LILE/HFSE-enriched older subgroup in Fig.  6 as opposed to the LREE-enriched younger subgroup in Fig.  7 (A)) and therefore argue for different mantle type sources (e.g., variably depleted and/or metasomatically enriched SCLM, as well as different proportions of asthenospheric vs. lithospheric peridotite) and/or crustal assimilants. This could be investigated by a number of incompatible ratio diagrams, each of which highlight certain petrogenetic components but all of which cannot conclusively discriminate between these end-members.
As an example of a commonly used discrimination diagram by Pearce (2008) , Fig. 8 shows how deviations above the Mantle Array may be caused by either (1) direct derivation from a mantle component that was metasomatised by typically LILE-enriched fluids from a subducting slab ("mantle wedge component" in Fig. 8(A) ) or (2) through an asthenospheric melt's assimilation of a range of slightly different crustal components during fractional crystallisation (dashed arrow in Fig. 8(A) ). In Fig. 8 , the two age subgroups of the investigated BHDS plot as two slightly separate trends above the Mantle Array, with the older dykes distributed along the AFC-modelled trend between the Primordial Mantle and Bulk Crust and the younger dykes possibly trending away from a slightly more enriched part of the Mantle Array. Our old BCD5-25/29 parent sample is forward AFC-modelled in Ersoy and Helvaci's (2010) Excel spreadsheet, using the same parameters as for the modelled REEs in Fig. 7(A) , and shown for reference by the solid arrow in Fig. 8(A) . The modelling results' relatively poor fit in Fig. 8(A) (compared to the model's better fit for the REEs in Fig. 7(A) ), illustrates how difficult it is to reach a petrogenetic conclusion based only on geochemical data.
Regardless of inconsistencies between some incompatible elements, it seems safe to conclude that the overall trend(s) expressed by our 11 data points range(s) between an ambient Primordial Mantle (PM) source and an Archaean Crust (AC) assimilant, as accentuated by associated sills and lavas in Fig.  8(B) . Under closer scrutiny, it even appears that our two subgroups define two separate trends between AC and two slightly different asthenospheric mantle sources. Thus, the mantle source for our older subgroup appears to have been derived from a slightly more depleted, yet possibly also more metasomatically enriched (SCLM?) source, whereas our younger subgroup appears to have been derived from a slightly more enriched mantle source; both of which could also have been contaminated by Archaean Crust.
provinces. Extrapolated manual best fit projections through these phase triangles result in four intercepts, which when re-plotted on the inserted ternary phase diagram in Fig. 5(D) can be made perfectly consistent with a fractionating assemblage of 57.5% plagioclase, 29.5% clinopyroxene and 13% olivine.
The average bulk fractionating assemblage derived above is used to forward model our "parental" BCD5-25/29 sample (with the lowest MgO), assuming fractional crystallisation (FC) and applying generally accepted partition coefficients for these three phases in Ersoy and Helvaci's (2010) Excel spreadsheet. Such forward FC-models generally give reasonable fits with most incompatible trace element trends (not shown), and are consistent with up to 80% fractionation to produce the most "differentiated" BCD8-14 sample.
As illustrated by roughly sub-parallel patterns in the primitive mantle-normalised (Sun & McDonough 1989 ) multi-element diagram (Fig. 6) , a relationship based on fractional crystallisation is consistent with the older and more "primitive" samples ( Fig.  6(A) ) having overall lower concentrations of incompatible elements compared to the younger and more "evolved" samples ( Fig. 6(B) ). Only Sr remains relatively constant in all samples, which is easily explained by the onset of plagioclase fractionation during differentiation from the more "primitive" to more "evolved" magmas. An apparent lack of any negative Ti-anomalies amongst all samples is consistent with insignificant ilmenite or titanomagnetite fractionation during differentiation, an observation supported by the tholeiitic trend in Figure 4 (B), as well as systematic increases in TiO 2 and V when plotted against decreasing magnesium number as a differentiation index (not shown).
"Lithospheric" influences
Despite obvious differentiation through crystal fractionation, a closer scrutiny of Fig. 6 also shows that older dykes have slightly more pronounced negative Nb-anomalies and higher LILE/ HFSE ratios, consistent with a slightly greater "lithospheric" (subduction-zone related) component than observed amongst all but the plagioclase-phyric sample of the younger dykes. It is not easy to discriminate between whether this "lithospheric" component was inherited from (1) crustal assimilation of primary magmas derived from an asthenospheric mantle, or (2) more directly from the proto-Kalahari Craton's sub-continental lithospheric mantle (SCLM). The fact that this lithospheric component clearly affected earlier, less differentiated magmas more than subsequently more evolved magmas, is more consistent with either a greater involvement of SCLM during the formation of the older subgroup's primary magmas and/or earlier crustal assimilation of its parental magmas.
Counter-intuitive to a greater lithospheric component for the older sub-swarm, the more evolved younger subgroup, as a whole, tends to be slightly more LREE-enriched. This slight difference between the two age subgroups is consistent with each magmatic suite having been derived from two slightly different parental melts through the fractionation of a roughly similar gabbroic assemblage, as determined from consistent major element trends in Fig. 5 . Thus, forward modelling of REEs confirms that the most elevated BCD8-14 pattern of the younger group cannot be derived from the least elevated BCD5-25/29 pattern from the older group purely through FC-modelling (see dashed thick line in Fig. 7(A) ). Instead, the most evolved young dyke is better show that Hartley volcanic rocks are perhaps more "arc"-like (e.g., andesitic, LREE-enriched and pyroclastic) than the Sibasa basalts, so we still regard the two "sub-provinces" as separate entities (pulses?) within a more complex, long-lived but spatially very large igneous province. Although it is tempting to address the continuous c. 1.89-1.83 Ga magmatic activity across such a large area (>5 × 10 5 km 2 ) as a voluminous LIP, with remnants of at least 3-km-thick flood basalt sequences, the available geochronology fails to show that a large proportion of the igneous rocks were produced within a sufficiently short time span (e.g.,<40 Myrs as set by Bryan & Ernst 2008) , and that "time problem" becomes even greater if one merges the ~60 Myr "Mashonaland-Soutpansberg" and ~20 Myr "Hartley" sub-provinces into a single protracted ~100 Myr-event.
Tectono-magmatic setting and evolution
Typical LIPs are often linked to mantle plumes (e.g. Ernst et al. 2005; Ernst 2014 ). Associated giant radiating or parallel swarms of doleritic dykes are hypothesised to be emplaced during crustal up-doming above a mantle plume head that impinges onto the base of a thick continental lithosphere (May 1971; Halls 1982; Ernst & Buchan 1997) . The excess heat from such plumes may melt the above lying more depleted SCLM over time if the SCLM has been sufficiently hydrated through past metasomatism. The plume itself may also decompressionally melt if the lithosphere thins sufficiently through extension. A mantle plume may thus, more or less directly, generate large volumes of basaltic magmas with a wide range of geochemical signatures. Klausen et al.'s (2010) "mantle plume" model for the BHDS depends on an apparent radiating pattern that emerges from the extrapolated convergence of the BHDS and the presumed coeval Mazowe River dyke swarm in northern Zimbabwe (Fig. 1(B) ). These swarms share a common locus to the north-east of the Zimbabwe Craton, where also the greatest preserved concentration of Mashonaland sills occurs (Fig. 10(C) in . We emphasise the uncertainties, however, concerning the age of the Mazowe River dyke swarm and also question whether such depleted magmas can in any way be reconciled with a mantle plume or even just the Primordial Mantle signatures expressed by all of the precisely dated rocks in this study. Thus, until reliable age constraints are presented on the Mazowe River dyke swarm (or any other coeval dyke swarm in the Zimbabwe Craton), this convergence towards a possible mantle plume centre remains speculative.
A more southerly located locus for a triple rift system is suggested by Jansen's (1975) idea of the Soutpansberg Basin representing a failed-rift arm (an aulacogen). In this case, coeval strata along an eastern passive plate-margin side of the proto-Kalahari Craton (Fig. 9(B) ) could have been obliterated by the Mozambique Belt that formed during a c. 550 Ma Pan-African orogeny.
Potential candidates for a conjugate passive margin along another continental fragment may be found amongst a myriad of coeval c. 1.88 Ga magmatic events recorded across the globe (reviewed by Minifie et al. 2011 ); many of which fringe the Superior Craton (Minifie et al. 2013) , whereas others outcrop more sporadically on the Slave, Wyoming, Baltic, Indian and Australian cratons. Since many Columbia palaeo-supercontinental reconstructions join the proto-Kalahari craton with Australia, the studied proto-Kalahari Craton "LIP" fragment may most likely be linked to the Yilgarn's volcano-sedimentary Yerrida basin. The Yerrida 5. Discussion
Linking the 1879-1835 Ma BHDS to associated igneous rocks
A compilation of high-precision U-Pb ages in Fig. 9(A) shows how our c. 1.875-1.835 Ga BHDS bridges a gap between the older c. 1.89-1.87 Ga ages of both Mashonaland Hanson et al. 2011 ) and post-Waterberg (Hanson et al. 2004a ) sills, and the youngest c. 1.83 Ga zircon ages for pyroclastic rocks within the uppermost part of the Soutpansberg Group's Sibasa basalts (Geng et al. 2014) . Thus the younger and geochemically matching BHDS (Fig. 7(B) ) likely acted as feeders (indicated in red in Fig. 9(B) ) to overlying nearby Sibasa basalts, and thereby collectively covered a >10 5 km 2 area. Even if more ages and/or geochemical data are still needed to see how far back in time this particular flood basalt remnant erupted, it can be assumed that an even wider flood basalt cover was fed throughout the >40 Myr record of the BHDS. This is in accordance with speculations by Meinster (1977) , Watkeys (1984) , Cheney et al. (1990) and Barton and Pretorius (1997) .
It is possible to consider the existence of an even more prolonged >60 Myr magmatic "Mashonaland-Soutpansberg" event, recorded by all ages in Figure 9 (A), in which the earliest phase of magmatism was dominated by the emplacement of both Mashonaland and Waterberg sills. The Mashonaland sills have previously been geochemically matched to the BHDS ), but Fig. 7(D) shows that their REE-patterns bear closer resemblance to the younger Black Hills dykes than the older ones to which they are closer in age. Earlier correlations with Mazowe River dykes (MZ in Fig. 1(A) ), dated by a poorly constrained Rb-Sr age of 1900 ± 600 Ma and palaeomagnetic results (Wilson et al. 1987) , are regarded with caution, because their depleted geochemical signatures do not match (Stubbs et al. 1999; . Söderlund et al. (2010) has shown how the Sebanga swarm, previously matched to Mashonaland sills on the basis of palaeomagnetic results (Bates & Jones 1996; Hanson et al. 2004a) , are c. 600-500 Ma older and also unrelated with the "Mashonaland-Soutpansberg" event. Nevertheless, the Mashonaland and post-Waterberg sills cover an even larger region, extending from the Waterberg Group on the Kaapvaal Craton to the northern part of the Zimbabwe Craton (indicated in green in Fig. 9(B) ), north-west of and partly overlapping the BHDS-Sibasa area (outlined by dotted grey line in Fig. 9(B) ). It is still uncertain (1) if/how this earlier emplacement of a sill complex was fed by a more extensive (longer and/or wider) NNE-NE-trending BHDS, (2) whether any other (eroded?) sills were fed by the younger BHDS, or (3) if Fig. 8(A) records a systematic temporal (and spatial) evolution from initial dyke-sill emplacement (in the west) to subsequent dyke-lava emplacement (in the east).
Only ~20 Myr separate the c. 1.89-1.83 Ga magmatic "Mashonaland-Soutpansberg" event from an older c. 1.93-1.91 Ga "Hartley" event (Alebouyeh et al. this volume) consisting of volcanic rocks, sills and dykes covering a ~10 5 km 2 -large area across the south-western part of the Kalahari Craton (indicated by purple and outlined by another dotted line in Fig. 9(B) ). It is tempting to view these igneous rocks as part of a coherent c. 100-Myr-long magmatic event. Even if the associated Tsineng dyke swarm extrapolates towards the outlined Soutpansberg "sub-province", its ENE-trend is slightly oblique to the more northerly trending BHDS. Cornell et al. (1998) , furthermore, on mafic rocks of appropriate age on the Australian continent; e.g., in order to determine whether Pilbara resided along Kaapvaal's eastern "passive" margin (Zegers et al. 1998) or its western margin, as suggested by de Kock et al.'s (2009) "Vaalbara" concept.
As opposed to a break-up-related LIP setting, the Soutpansberg Basin has also been correlated with east-vergent compressional tectonics along the Kheis Belt on the western margin of the Kaapvaal Craton (e.g. Silver et al. 2004 ). These authors basin hosts 50-m-thick mafic sills that have been indirectly dated by U-Pb SHRIMP on hydrothermal monazite in its host shale to 1843 ± 10 Ma (Rasmussen & Fletcher 2002) . Together with the c. Fig. 5. Four major element variation diagrams selected to graphically constrain fractionating mineral assemblages, following Ragland (1989) . Solid black lines are manually fitted to trends and extrapolated across dashed triangles that link likely average compositions of olivine (ol), clinopyroxene (cpx) and plagioclase (plg), all of which lie inside compositional (grey) fields derived from GEOROC's (2012) data base of microprobe analyses on Phanerozoic continental flood basalts. Inserted ternary diagram shows how well the extrapolated trends intersect these phase triangles in each of the four variation diagrams, and thereby determining a possible fractionating assemblage consisting of 57.5% plg, 29.5% cpx and 13.0% ol.
ing earlier collision phases. Thus, Bumby et al. (2002) viewed the Soutpansberg Basin as a half-graben produced during the collapse of the Limpopo Mountains. However, we consider such further elaborate on the possibility that Archaean-Proterozoic rift basins and major flood basalt provinces in southern Africa followed pre-existing lithospheric structures produced dur- Fig. 7 . Four chondrite-normalised REE-diagrams according to Sun and McDonough (1989) depicting patterns for A. both older and younger NE-trending dykes from this study, whose shaded outlines are compared to published data on B. broadly coeval lavas , Crow & Condie 1990 ) and sills (Hanson et al. 2004a ) from within the Kaapvaal Craton, C. other non-dated NE-trending dykes across the Kaapvaal Craton ) with similar REE-patterns as the dated BHDS, and D. broadly coeval sills and dykes from within the Zimbabwe Craton matching Stubbs et al. (1999) and Stubbs (2000) . Using the lowermost curve (BCD5-25/29 as a parental melt), the dashed thick curve labelled FC in (A) follows 88% fractionation of a gabbroic mineral assemblage, as constrained in Fig. 5 , whereas a better fit by the solid thick curve labelled AFC in (A) with the most evolved REE-pattern is achieved by 77% fractionation and assimilation of a bulk continental crust (Taylor & McLennan 1995) , at an r-value of 0.2. Symbols as in Fig. 4 .
setting with SE-directed subduction along the Magondi Belt. The timing and nature of compression along the western margin of the proto-Kalahari Craton is not sufficiently well established, however, especially with regard to determining whether the Magondi and Okwa-Kheis tectonic elements (and even a post-orogenic setting highly unlikely to produce the recorded vast emplacement of basaltic dykes, extensive sill complexes and associated flood basalts during a c. 60 Myr period. also speculated upon a continental back-arc rift origin for the BHDS, during a complex tectonic Geng et al. 2014) . Background colours emphasise periods of earliest sill emplacement (green), followed by early (yellow) and late (magenta) dyke emplacement, which probably fed Sibasa lavas up to its more evolved pyroclastic cap (purple). B. Schematic tectonic map of the proto-Kalahari Craton, (introduced in Fig. 1(A) ), modified from Jacobs et al. (2008) and showing relative positions of the Zimbabwe, Kaapvaal and Grunehogna cratons as well as the Limpopo Mobile Belt at c. 1750 Ma. Here, the Magondi, Okwa and Kheis tectonic elements are arguably connected through a c. 2.00-1.85 Ga subduction zone and associated back-arc extension. and the subduction associated with the Rehoboth province is set at c. 1.80-1.75 Ga. Added onto the map, in red, are the coeval BHDS at least 3-km-thick Soutpansberg-hosted Basalts (SB; Bumby et al. 2001) , in green are Waterberg-hosted sills (WS; Hanson et al. 2004a) and Mashonaland sills (MS; Stubbs et al. 1999; Söderlund et al. 2010) , which are believed to constitute the eroded known remains of a temporally continuous c. 1.89-1.83 Ga "Mashonaland-Soutpansberg" igneous province across the proto-Kalahari Craton. Also added are, in dark blue, slightly older (c. 1.93-1.91 Ga) Hartley basalt formation (HBF), Botswana sill complex (BS; Hanson et al. 2004a ) and the Tsineng dyke swarm (Alebouyeh et al. this volume). similar to Mashonaland sills (Stubbs et al. 1999; , on the Zimbabwe Craton, indicating that they form a large (trans-Kalahari Craton) igneous province. This province may even be larger and of a longer (c. 100 Myr) duration if combined with 1.93-1.91 Ga Tsineng dyke swarm, Botswana sills and Hartley lavas (Fig. 9(B) ; Alebouyeh et al. this volume) .
Overall, incompatible element ratio trends for all of Soutpanberg's trans-Kalahari Craton magmas are consistent with being derived from an ambient asthenospheric Primordial Mantle, all of which underwent a similar AFC-process of assimilating Archaean crust, in proportions quantified above. This is remarkable for magmas that over a ~60 Myr period were successively generated, differentiated and emplaced across a >5 × 10 5 km 2 -large region. The long duration of this continuous magmatism argues against these magma volumes to have been produced during typical plume-induced break-up of a supercontinent. Instead, there is an abundance of more or less convincing field, structural and geochronological evidence for a continental back-arc setting, behind an active Magondi and Okwa-Kheis arc along the north-western margin of the proto-Kalahari Craton, which may link to a global distribution of coeval tectono-magmatic settings (Minifie et al. 2011 ) that arguably formed during the amalgamation of the Columbia (Nuna) supercontinent, and where the proto-Kalahari Craton most likely neighboured Australia.
the Reheboth Province) formed a continuous belt or not. Even though Moen and Armstrong (2008) argue that the Kheis Belt was deformed during a much younger Namaqua Orogeny, a coeval (Palaeoproterozoic) active margin along the north-western margin of the proto-Kalahari Craton is supported by U-Pb dating on detrital zircons found in sedimentary units, yielding ages of (1) c. 1.85 Ga in the upper Soutpansberg basin (Dorland 2004) , (2) 1887 ± 14 Ma in the Okwa Group in Botswana (Ramokate et al. 2000) , (3) 1858 ± 14 Ma in the Palapye Group in northern Kaapvaal Craton (Mapeo et al. 2004 ) and (4) c. 1.87 Ga in the Billstein Quartzite of the Rehoboth Province (Van Schijndel et al. 2011) . We prefer to view these results as indicative of Palaeoproterozoic silicic rocks having formed along the western and northern Kaapvaal Craton margin, contemporaneous with the emplacement of a more inland proto-Kalahari Craton "Mashonaland-Soutpansberg" (± "Hartley") igneous province.
According to Van Niekerk (2009) , the high Th/U ratios of c. 1.85 Ga detrital zircons in the Kheis province might reflect a source rock of granitic composition rather than metamorphic sources. If the detrital zircons originated from magmatic silicic rocks produced during a complex subduction zone setting, the BHDS could have been emplaced in a corresponding continental back-arc basin, as tentatively shown in Fig. 9(B) . Such a tectono-magmatic setting is consistent with large volumes of mantle-derived magma emplaced over a prolonged period of ~60 (-100) Myrs, a sub-parallel orientation of the BHDS, and possibly even some of the geochemical "subduction-zone" signatures that were tentatively attributed to a continental lithospheric component above.
If the BHDS and associated igneous rocks formed within such a trans-Kalahari Craton tectono-magmatic setting, this event could still have been part of a more global distribution of roughly coeval LIPs (e.g., Minifie et al. 2011) , discussed above. Thus, some or all of these coeval -and often presumed breakup-related LIPs -could also have formed during an amalgamation -rather than a break up -of the Columbia (Nuna) palaeo-supercontinent, with or without the influences from plumes, or even a superplume. Further research into these LIPs is required, however, before the underlying petrotectonic causes for this global magmatic event are better understood.
6. Summary and conclusions U-Pb Isotope Dilution Thermal Ionisation Mass Spectrometry (ID-TIMS) baddeleyite dating of eleven tholeiitic dolerites from the NNE-NE-trending BHDS, covering ~35 000 km 2 of the north-eastern Kaapvaal Craton, suggests an emplacement age span of 1875-1835 Ma. There is no systematic correlation between ages and either location or dyke trends, but older dykes tend to be less differentiated than younger ones. Reversed modelling of some very linear major element trends explains this differentiation by nearly 80% fractionation of 57.5% plagioclase, 29.5% clinopyroxene and 13% olivine, where forward modelling of REEs requires additional assimilation by our parental sample of a bulk continental crust at an r-value of only 0.2.
We first link the BHDS to nearby and compositionally similar c. 1879-1872 Ma post-Waterberg sills (Hanson et al. 2004a) and ≥1830 Ma Sibasa basalt flows in the Soutpansberg Basin (Geng et al. 2014) , covering ~10 5 km 2 of the Kaapvaal Craton. These post-Waterberg sills are coeval and compositionally
A.2. Geochemistry -sample preparation and analytical techniques
The majority of the whole-rock major and trace element analyses was performed at ACME laboratory in Vancouver (Canada). However, some samples were also processed in Stellenbosch University (BCD5-85, BCD6-05 and BCD8-13) and University of Pretoria (BCD8-12) in South Africa. Although the procedures of the laboratories are only slightly different, we will shortly review the sample preparation and analytical procedures of Stellenbosch University's Central Analytical Facilities and the geochemical laboratory at the University of Pretoria in South Africa. The reader is referred to ACME laboratory for details on their analytical procedures. All samples except BCD8-12 (processed in Pretoria) was crushed and milled in a tungsten-carbide (WC) swing mill in the mineral preparation laboratory at the Geological department, Lund University.
A.2.1. Stellenbosch University Central Analytical Facilities
At Stellenbosch University, major element compositions are analysed as oxides in weight per cent by X-ray Fluorescence analysis (XRF) on Lafree fused glass beads using a Phillip's PW1404w instrument coupled with a scintillation or gas flow proportional counting detector (detection limits ~0.001 wt%). For calibration and quality control international (NIST®) and national (SARM®) standards were analysed in between sample runs. An Agilent 7500ce Laser Ablation (LA) -Inductively Coupled Plasma Mass Spectrometry (ICPMS) was used to obtain trace element compositions in ppm on the same glass beads. A total of three spot analyses are averaged for every trace element determination and the standard of NIST612 was used for calibration. Data reduction was performed using an Excel calculation spreadsheet with SiO 2 (measured by XRF) as internal standard. The reproducibility and deviations from certified values are usually better than 10% and below 5% relative for trace element determinations.
A.2.2. University of Pretoria
The dyke sample BCD8-12 intruding the Bushveld Complex was analysed in the XRD and XRF facility at the Geology department, University of Pretoria in South Africa. Here a WC milling vessel was used to ground and mill the sample to a fine-grained fraction. The sample was roasted at 1000 °C to determine loss on ignition. One gram of sample was then added to 6 g Li 2 B 4 O 7 and fused into a glass bead and major elements were analysed using a ARL9400XP + spectrometer. Trace elements were analysed from another aliquot of the sample that was pressed in a powder briquette. Certified reference material and standards (GSNcert) were also analysed with the sample. Pb- 233−236 U tracer and 10 drops of a mixture of hydroflouric acid (HF) and HNO 3 were added to the dissolution capsules. The capsules were then sealed into steel jackets and put in the oven at 205 °C for 24 h. After dissolution the samples were dried down on a hot plate at ~100 °C. The uranium and lead was purified using small (50 μl) Teflon ® columns filled with pre-cleaned ion-exchange resin (Bio-Rad 200-400 Mesh Chloride). The Zr-Hf-REE-cut was washed out with 3.1 M HCl in several steps. Thereafter, U and Pb were collected into the Teflon ® dissolution capsules by adding a total of ~60 drops of ultraclean H 2 O to each U-Pb column. Eventually a small portion of phosphoric acid (H 3 PO 4 ) was added before the samples were dried down again on a hot plate. Each sample was re-dissolved in 2 μl of silica gel (produced after the recipe of Gerstenberger & Haase 1997) and then put on an out-gassed single rhenium filament using an automatic pipette and pre-cleaned pipette tips. U-Pb samples were analysed in a Finnigan Triton thermal ionisation multicollector mass spectrometer equipped with Faraday cups and an ETP Secondary Electron Multiplier. Intensities of 204 Appendix B 
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